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ABSTRACT

We have computed a new grid of evolutionary subdwarf B stB)snodels from the start of central He burning, taking intoaunt
atomic difusion due to radiative levitation, gravitational settliegncentration dfusion, and thermal fusion. We have computed
the non-adiabatic pulsation properties of the models aerdant the predicte@-mode andg-mode instability strips. In previous
studies of the sdB instability strips, artificial abundaeodancements of Fe and Ni were introduced in the pulsatigingrayers.
In our models, the abundance enhancements of Fe and Ni oatunatly, eradicating the need to use artificial enhancésnéile
find that the abundance increases of Fe and Ni were previamslgrestimated and show that the instability strip predidily our
simulations solves the so-called blue edge problem of thewarf B star g-mode instability strip. The hottest knagvmode pulsator,
KIC 10139564, now resides well within the instability stepen when only modes with low spherical degrdes 2) are considered.

Key words. Asteroseismology; Diusion; Subdwarfs; Stars: evolution

1. Introduction and state of the art evolutionary scenarios remain largely untested. Sincgrimult

in different predicted populations of sdBs, accurate determina-
Subdwarf B stars (sdBs) are extreme horizontal branch stéimns of their masses and envelopes, as well as periods of sdB
burning helium in their cores (for a review on sdBs, 'see Hebkinaries, can be used to discriminate between tfergint chan-
2009). They typically have masses aroundidSand have only nels.
a thin hydrogen layer left at their surfaces, which is toa tiai Many sdBs show stellar oscillations. Pulsation modes for
sustain hydrogen shell burning. Because of their thin @pes, which the pressure force is the dominant restoring foree,
sdBs are unusually bright in the near-UV. They are identified modes, were predicted in sdB stars[by Charpinetlet al. [1996)
the source of the unexpected UV-upturn observed in elpticand discovered around the same timé by Kilkenny ef al. (1997)
galaxies (Podsiadlowski etlal. 2008). The formation of s#BS The first detection of gravitygt) mode pulsations, for which
not well UnqerStOOd. It is unclear how the sdB progenltOﬂ‘s |Obuoyancy is the dominant restoring force, in sdBs was ac-
most of their hydrogen envelopes. complished by_Green etlal_(2003). Asteroseismic techsique

More than 50 per cent of the sdBs have been found to Ban therefore be used to probe the internal structure of sdBs

part of short period binaries (Maxted etlal. 2001). This ssgg and to measure the masses of thei_r cores and envelopes (see
that binary evolution may play an important role in their-fore.g. [ Van Grootel et al. 2010, Fontaine etial. 2012 and refer-

mation. Several evolutionary channels have been prop¢sed:ences therein, and Van Grootel etlal. 2013). Asteroseisgyolo
common-envelope ejection channels, leading to sdBs imieima Of sdBs is not only useful to constrain the evolutionary sce-
with orbital periods below~ 10d and a white dwarf or low- narios, but also allows us to test our knowledge of phys-
mass main sequence companion; (2) a stable Roche lobe ol&@L_processes such as atomicifasion and stellar winds
flow channel resulting in binary systems with orbital peside- (Charpinetetall 2009b; Hu etlal. 2011), as well as to test
tween~ 10 d and~ 100 d and much thicker hydrogen envelopedidal theory through spin-orbit synchronizations of sdBs i
and (3) a double helium white dwarf merger channel that giveBort period binaries (Van Grootel ef al. 2008; Charpinedlet
rise to single sdB stars with very thin hydrogen envelopas ag008;/Pablo etal. 2011, 2012). Recent reviews of sdB astero-
a wider mass rangé_(_l:l_a_n_e_ﬂ MMOOB) Recenﬂy’ S%OIO can be fqund lEI_EQEIIaLD_e_dt hl (Z(DOBb) @Sténsen
with planetary companions were found (Silvotti etlal. 200 . ), Charpinet etlal. (2009a), Kawaler (2010) and
Charpinet et al. 2011; Beuermann et al. 2012), rejuvenatiag [Charpinet et al: (2013).

idea that interactions of a star with a planetary companiighn Pulsations in sdBs are driven by the opacityrhechanism,
also lead to the formation of sdBs (Soker & Harpaz 2000). Thehich operates in stellar layers where chemical elementsar
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tially ionized (Unno et &l. 1989). Charpinet et al. (1996)wkd
that p-modes could be driven if radiative levitation could brin¢ o} ]
enough iron in the driving region. Charpinet et al. (1997y-co
firmed this idea by implementing iron abundance profiles in
static sdB models, which were based on radiative levitatadn

culations assuming ffusive equilibrium. Using time-dependeni & U s
diffusion calculations, Fontaine et al. (2006a) showed that t »¢ 5} ... ]
convergence towards ftlisive equilibrium is fast compared to o -——,'\._,/'/

50 b
0.53 Mo,

Fe,init

the evolutionary timescale, thereby validating thi§udiive equi- 20f m/ E
librium approach._Fontaine etlal. (2003) argued that theesal 0.35 Mo e —
opacity mechanism was responsible for the drivingrohodes 5 0 Tis a0 35 80 25 20
and recognized that radiative levitation is a crucial faébo the log(Meny)

mechanism to work in this case as well. In this pioneeringytu . . .

the stars that were theoretically predicted to stiomode pul- Fig. 1. Abundance enhancement of Fe in the driving region at
sations were several thousand Kelvin too cool comparedego th = 2_00 000K, 10 years after the start of central He b“"?'”g-
observed pulsators. Using OP (Badnell é{al. 2005) instéad Q1€ lines connect the_enhancement factors of models with the
OPAL mm&mg%%) opacity tables, and by enhark@Me total mass butftierent envelope masses.

ing not only the Fe, but also the Ni abundance in the envelope,

Ueffery & Said (2006) obtained a predicted instability striptthe

reduced the so-called blue-edge problem. 1000 E

Using artificial enhancements of Fe and Ni in the pulsatic
driving region, Hu et gl.[(2009) showed that gravitationei-s
tling, thermal dffusion and concentrationftlision acting on H
and He shifts the theoretical blue-edge of the instabititiyp $ar-
ther to about 1000 K from the observed value. Recdﬁl et 0453,
(2017) added diusion due to radiative levitation to their evolu- 100}
tion code, next to the already implemented gravitationtlisg, 055 AL
thermal dffusion and concentrationfflision, and solved the dif- T YAy SRS Sy
fusion equations for H, He, C, N, O, Ne, Mg, Fe and Ni. Becau: B h " log(Men) b ' '
of the inclusion of radiative levitation, Fe and Ni enhaneeis
are built up in the pulsation driving region, therefore éfiating Fig. 2. Same as Fid.]1 but for Ni instead of Fe. In earlier work,
the need to include artificial abundance enhancements. 0-he @nhancement factors of 10 or 20 were assumed, which isglearl
thors showed that the resulting evolutionary models caiiteexcan underestimation.
low-degreeg-modes at relatively highfiective temperatures,
suggesting that the blue-edge problem could be resolvetidn
work, we present a grid of models computed using the codes®f|, ili ri
Hu et al. ) to readdress the instability strip issue. Flinstability strips

3000 F

2000 0.49M

XNi/XNi, it

3.1. Iron and nickel abundance enhancements

Hu et al. (20111) showed that the build up of the Fe abundance
in the driving region proceeds relatively quickly and reash
an equilibrium situation in about 2@ears, as was also shown
2. Model grid by [Fontaine et a1 (20064). Hu ef dl. (2011) found that it $ake
longer before the equilibrium situation is reached for Nit, this
We have set up tools to compute grids of evolutionary trackdéso happens in less than’y0. For the test track presented in
of sdB stars using a modified version of the stellar evolutidhat paper, it was clear that the Ni abundance increase aemipa
codeSTARS (Eggletol 1971). The most important changes ate the initial abundance was much higher than was previously
the implementation of gravitational settling, thermaffasion assumed. From our grid spanning a range of envelope masses
and concentration ffusion byl Hu et dl.[(2010), the implemen-and total masses, we have measured the height of the Fe and Ni
tation of radiative levitation by Hu etall (2011) and the cowabundance peaks in the driving region’ y@ars after the start
pling of theSTARS code to the non-adiabatic pulsation catk®  of the sdB evolution on the zero-age horizontal branch. Ehe r
(Dupret 2001) as described[in Hu et &l. (2008). The evolutioaulting abundance enhancement factors compared to the init
ary tracks are computed starting from red giant branch nsodebundance are shown in Fig. 1 for Fe and in Eig. 2 for Ni. For the
from which most of the envelope was strippdtl @he free pa- same core mass, a higher envelope mass results in a higher ef-
rameters of the starting models are the total mass of theusthr fective temperature and a higher surface gravity. The foime
the mass of the remaining hydrogen envelope. For the grid peseases theficiency of the radiative levitation, but this is coun-
sented here, we assumed solar metallicity with the metaurdx teracted by the increased settling due to the higher sugiase
of IGrevesse & Noels (1993) and no mass loss due to winds dilly- The net result is that models withftérent envelope masses,
ing the sdB evolution. The total massé4.j range from 0.3%1, but the same core mass, tend to have similar abundance @hanc
to 0.55M,, and the envelope masses fronTaBl, to 1018 M,. ments. The figures only show a datapoint for the evolutionary
The grid contains over nine thousand models on 77 evolutjondracks that reached an age of y@ars, which is not the case for
tracks. The computation of one evolutionary track takesiaBo all tracks because of numerical convergence problems.
days of CPU time on a single core of a 2.8GHz quad-core Intel While previous studies of the instability strips of sdBsdise
Xeon X5560 Nehalem CPU. parametrized enhancement factors of up to 20 for the abun-
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Fig.3. Ratio of the abundance of Ni and Fe in the driving
region at 10 years after the start of the central He burnin
as a function of the total mass of the star. Black dots shc
models with logMen/Mo) < 3.5 and grey dots models with o P e P
log(Menv/Mg) > 3.5. Ter (K)

Fig.4. Instability strip for p-mode pulsations in sdB stars. The
initial points of evolutionary tracks of stars with iderdglacore
masses are connected with a grey dotted line and the masses ar
indicated on the plot. Envelope masses rise from left tot iagilal
range from 10° M, to 1018 M,. Sections of the tracks where
pre than 1 (10p-modes with spherical degrée< 3 are pre-

dances of Fe and Ni in the driving regionsfféey & Said 2006;
Hu et al. 2008), our simulations predict that especially Kie
abundance increase is orders of magnitude higher. For lcsg m
models M. = 0.35My), we find an increase by a factor-ef300
for Ni. For higher mass models, we find enhancement factors . .
up to 4000. The large fference in enhancement factors betwe%cted to be exu_ted, are coloured in green (blue). The fetsieo
Fe and Ni is caused by the initial underabundance of Ni co fiCI.(S IS shown_m black. A s_ample of knovmmogie pulsators
pared to Fe of a factor of 16.1 in the Grevesse & Ndels (199 e |_nd|cated with yellow points and red points indicatewno
mixture. The absolute Ni abundances in the driving regi@n a brid pulsators.

typically between 1 and 4 times that of Fe (see Eig. 3), which i
compatible with the results presentedby Michaud bt al. 1201
see right panel of their Figure 5). For models with a low enw
lope mass (lod{lenv/Mo) < 3.5 shown in black), there is a clear
trend of an overabundance of Ni compared to Fe that increa sof
with the total mass of the star.

3.2. Pressure and gravity mode instability strips -
o 551
The higher Fe and Ni opacity bumps in the driving region inflc®
ence the instability strips. In Fi§] 4 we show the predicted i
stability strip forp-mode pulsations. The evolutionary tracks ar
coloured green (blue) when at least 1 (p@nodes of spherical
degred < 3 have a positive work integral in our non-adiabati
pulsation computations. Figuké 5 shows the samegforodes.
The dots indicate a sample of pulsators taken from Green et
(2008) that was already showrmmon{mode pul- ‘ ‘ ‘ ‘
sators are shown in yellovg-mode pulsators in magenta anc e e e
hybrid pulsators that show botk andg-mode pulsations in red.
The small apparentffset between the spectroscopically detefig.5. Same as Fid.14 but fay-mode pulsations in sdB stars.
mined surface gravities andfective temperatures, and the evoRed points still indicate known hybrid pulsators that shmwand
lutionary tracks for typicak 0.47M, sdBs was seen in earlierg-modes. Magenta points indicate knogamode pulsators. The
studies (see e.g. Fig. 1[in @stersen 2009 where sdB modais fidack point indicates KIC 1013956m%t 012), Wwhic
[Kawaler & Hostler 2005 are shown). As shown in Dorman ét @k a hybrid pulsator that predominantly showsnode pulsa-
(1993), the exact position of the zero-age extreme horigontions. The vertical dashed lines indicate the blue edgesef t
branch depends not only on the core mass of the sdBs but dtssiability strips predicted ly fery & Saio (2006) and Hu et Al.
on the assumed metallicity, and a change from solar to sub§2009).
lar metallicity shifts the zero-age extreme horizontalnofato
lower logg and highefT .

All pulsators fall within the instability strips, which in and around 30000K in the study by Hu et al. (2009). In our
our simulations extend to slightly cooler temperaturesttiee case, we find thag-modes can be excited at all temperatures
known pulsators in the case pfmodes and to hotter temper-covered by the grid, and the models with severall Q) excited
atures in the case af-modes. The predicted instability stripsmodes have temperatures abeva3 500 K.
for g-mode pulsations, including= 1, 2 and 3 modes, showeda As an illustration, Fig[16 shows which modes are driven
blue edge around 28 500K in the study bffdey & Saio (2006), along the evolutionary track of an sdB with a total mass of

6.0 0.55M;
0,
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Fig. 6. Predicted pulsation spectra per spherical degree for thletgnary track with a total mass ofdr M, and an envelope mass
of 9.0 10°M,,. Excitedp-modes are shown in red, excitganodes in green. Thefflective temperature of the models is shown on

the top axis.

0.47M, and an envelope mass 0f0910°M,. [Fontaine et al.
(2003) showed that the blue-edge of the instability strigigghly
sensitive to the spherical degree. This can also be seerisin
example, in whichg-modes of degreé = 2, 3 and 4 are ex- ;[
cited at all ages (except for the very first model), while th
1 g-modes are not excited during the first 50 Myr, an
then only 1 mode is excited until almost the end of the evoli
tionary track. The example also illustrates that modes ghhi _
spherical degrees are not needed to explain the observed # ™[
2 g-modes are found to be excited a
~ 32000K. Such low-degree modes are easier to observe
photometry since they sier much less from partial geometric
cancellation. More details on the model, including tifieetive 60
temperature, the surface gravity and the Ni and Fe abunda
enhancements in the driving region as a function of time, a
given in two tables in Append[xJA. The pulsational charaister
tics of all models in the grid are available in electronicrfoat
https://fys.kuleuven.be/ster/Projects/sdbgrid/.

sators: plenty ofl =

3.3. Envelope mixing and KIC 10139564, the hottest hybrid

sdB star pulsator

\- - Huetal 2009 _ |

55 M,
0.51 M,
0.47 Mo,

L L L
35000 25000 20000

Ter (K)

Fig.7. Same as Fid.l5, showinggmode excitation in sdBs but
for a grid computed using enhanced envelope mixing. Fewer
modes are excited than in the case without extra mixing and it
takes longer until enough Fe and Niis accumulated in therdyiv

The larger overlap between tipe andg-mode instability strips region to excite pulsations.

compared to previous studies is comforting, since recerit oo

Kepler data has made clear that sdB pulsators that predominantly

showg-modes often also have one or a few excipeghodes (see also showsy-mode pulsations while it has afffective temper-

e.g.mn and thatmode pulsator KIC 10139564 ature that is close to 32 000 K (Baran et al. 2012, indicatet wi
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a black point on Fig]5). Ih Hu et hl._(2011) it was shown thatt efective temperatures up to 33 500K, which ishotter than

a weak stellar wind or a mixing process in the envelofiects what is observed and resolves the problem of the too narrow in
which are not accounted for in the grid presented in SeEfidn 3stability strip. Further improvements to the work presdritere
both tend to reduce the build up of Fe and Ni in the envelopean come from, for example, the inclusion of thermohaline-mi
We have also not considered thermohaline convection (gee &g in the models and updates to the opacity tables.

Ulrich [1972; Kippenhahn et &l. 1980), which is another pssce
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Appendix A: Excited modes for different spherical
degrees

In this Appendix, we provide detailed information on the
model with a total mass of .87M, and an envelope mass
of 9.0 10°M,, for which the pulsational characteristics were
shown in Fig[®6. In TableE“Al1 arld A.2 the period range and
the number of excited modes is given for and g-modes, re-
spectively. The tables also list thé&ective temperature ¢f),
surface gravity (log) and Fe and Ni abundance enhancements
(Xre/Xreinit @nd Xyi/Xniinit) in the driving region as a function
of time.
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TableA.1. Number (no.), period rang), and order ranganj of excitedp-modes for diferent spherical degrees for the evolutionary
track with a total mass of.@87M, and an envelope mass aDA0 M.

Ter logg Age  Xre Xni |[I=0 =1 |1=2 |=3 1=4

(K) (Myf) /XFeinit /XNi,init no. pange(s) r}ange no. pange(s) r}ange no. pange(s) r}ange no. pange(s) r}ange no. pange(s) r}ange
34142 6.07 0.0 1.0 1.0l O — — |0 — — 10 — — 10 — — 10 — —
32769 599 5.1 33.8 1602166 68-149 1-4 6 65-132 1- 6 62-120 1-4 5 67-112 1-3 5 65-107 1-5
32544 597 10.4 34.0 16582% 72-151 1-4 6 68-134 1- 5 72-123 1-55 70-114 1-§55 67-109 1-5
32413 596 145 33.1 1636% 73-153 1-4 6 69-136 1- 5 74-124 1-55 71-116 1-§5 5 69-111 1-5
32311 595 19.7 338 1678% 75-155 1-4 6 70-138 1-65 76-126 1-§5 5 72-118 1-5 4 70-114 1-5
32240 594 25.1 314 16294 76-157 1-4 6 71-140 1- 5 77-128 1-55 74-120 1-§5 5 71-116 1-5
32185 593 305 321 1670.& 77-158 1-4 6 72-142 1-5 78-130 1-§55 75-122 1-§55 72-118 1-5
32159 592 348 343 177646 78-160 1- 5 84-144 1-55 79-131 1-55 76-123 1-5 4 84-120 1-4
32134 591 40.1 34.7 182116 80-162 1-4 5 85-146 1-355 81-133 1-55 77-125 1-5 4 85-121 1-4
32102 590 45.1 336 1793.% 81-163 1-4 6 76-148 1- 5 82-135 1-55 78-127 1-5 4 87-123 1-4
32092 589 50.4 352 189516 82-165 1-4 5 88-150 1-55 83-137 1-55 79-128 1-5 4 88-125 1-4
32072 588 54.7 34.1 186316 83-166 1-64 6 78-151 1-4 5 84-138 1-35 80-130 1-5 4 89-127 1-4
32070 5.87 60.1 36.3 198816 84-168 1-4 5 91-153 1-55 85-140 1-55 81-132 1-5 4 91-129 1-4
32058 587 65.4 328 1874% 85-170 1-6 5 92-156 1-55 87-142 1-55 83-134 1-5 4 92-131 1-4
32052 586 69.6 351 1988% 87-171 1-4 5 93-157 1-55 88-144 1-55 84-135 1-5 4 93-132 1-4
32059 585 749 37.0 210106 88-173 1- 5 95159 1-55 89-145 1-55 85-137 1-5 4 95-135 1-4
32071 584 80.1 351 20626 89-175 1-45 96-162 1-5 6 36-147 1-175 86-139 1-5 4 96-137 1-4
32072 583 85.3 36.3 2135% 90-177 1- 5 97-164 1-5 6 37-149 1-175 88-141 1-5 4 98-139 1-4
32089 5.82 89.5 37.7 22296 92-179 1-45 98-165 1-5 6 37-151 1-175 89-143 1-5 4 99-140 1-4
32116 582 949 37.6 225916 93-180 1-4 5 100-168 1-3 6 38-153 1-17Y5 90-145 1-5 4 100-143 1-4
32145 5.81 100.2 37.7 2312.% 94-182 1-4 5 101-170 1-5 6 39-155 1-17Y5 91-147 1-5 5 39-145 1-16
32182 580 1054 37.6 2353.6 96-184 1-6 6 40-172 1-17 6 39-156 1-17T5 93-149 1-5 5 40-147 1-16
32215 5.79 109.5 37.8 23918 97-186 1-6 6 40-174 1-17 6 40-158 1-175 94-151 1-5 5 40-149 1-16
32258 5.78 114.6 40.2 2540.66 98-187 1-6 5 105-176 1-35 99-160 1-5 5 95-153 1-5 5 41-151 1-16
32327 5.78 119.7 42.7 2744.% 99-189 1-6 6 42-178 1-17Y 5 100-161 1-35 96-155 1-5 5 41-153 1-16

Table A.2. Same as Table’Al.1 but for excitgemodes.

Ter logg Age Xre Xni =1 1=2 =3 1=4

(K) (Myr)  /Xgeinit  /Xnijnit | NO. pange(s) MNange | NO. pange(s) Nange | NO. pange(s) I'}ange| no. pange(s) Nange
34142 6.07 0.0 1.0 10| O — — 0 — — 0 — — 0 — —
32769 599 5.1 33.8 1602/60 — — 7 298-1433 1-10 11 237-1324 1-14 14 207-1241 1-17
32544 597 104 34.0 165820 — — 9 298-1640 1-12 14 238-1541 1-17 18 208-1359 1-20
32413 5.96 145 33.1 1636|90 — — 8 297-1672 1-12 15 238-1578 1-18 17 209-1335 1-20
32311 5.95 19.7 33.8 1678|90 — — 9 297-1775 1-13 17 238-4877 1-5% 18 209-1443 1-21
32240 5.94 25.1 31.4 1625|70 — — 9 296-1773 1-13 16 237-5048 1-5¢ 17 209-1478 1-21
32185 5.93 30.5 32.1 1670{80 — — | 10 295-1959 1-14 15 236-5066 1-56 18 208-1508 1-21
32159 5.92 34.8 343 1776}40 — — | 10 295-1988 1-14 16 236-5251 1-58 18 208-4057 1-58

32134 591 401 34.7 1821|10 — — | 10 294-2017 1-14 17 235-5230
32102 590 451 33.6 1793|120 — — | 10 293-2041 1-14 17 234-5057
32092 5.89 504 352 1895|10 — — | 11 293-2099 1-15%17 234-2279
32072 5.88 54.7 34.1 186310 — 11 292-2116 1-1% 17 233-5012
32070 5.87 60.1 36.3 1988|11 455 11 292-2143 1-1% 17 233-1977
32058 5.87 654 328 187431 454 11 291-2171 1-1% 17 232-1931
32052 5.86 69.6 35.1 1988|51 454 12 291-2192 1-1%19 231-4955
32059 5.85 74.9 37.0 2101j01 454 13 290-2350 1-16¢ 18 231-1965
32071 5.84 80.1 351 2062|71 453 15 290-7120 1-53 17 230-1988
32072 5.83 853 36.3 213521 452 289-2287 1-16 18 230-2123
32089 5.82 895 37.7 222961 452 13 289-2424 1-17 19 229-2163
32116 5.82 94.9 37.6 225911 451 14 288-2534 1-18 22 228-4896
32145 5.81 100.2 37.7 2312|121 450 14 287-2557 1-18 20 228-2321
32182 5.80 1054 37.6 2353|11 449 16 287-2635 1-20 19 227-2358
32215 5.79 1095 37.8 239181 448 17 2866561 1-4921 226-4716 1-50

1-19

1-51

[ 20 207-1628 1-23
20 206-1646 1-23
21 206-3988 1-56
21 205-1689 1-24
22 204-1774 1-25
22 204-1795 1-25
21 203-1811 1-25
22 202-1850 1-26
22 202-1861 1-26
22 201-1881 1-26
22 201-1896 1-26
24 200-2024 1-28
24 199-2043 1-28
25 199-3637 1-48
25 198-2154 1-29
27 198-2197 1-30
28 198-2338 1-31

il il il ol ol ol
NNONNNNONNAONTOOAAagqE R

RPRrRRRRRERPR R
[y
N

32258 5.78 114.6 40.2 2540|62 446-2459 1-9 15 285-2625 ) 23 226-4608 14
32327 5.78 119.7 427 2744|196 444-3058 1-12 19 284-6805 | 21 225-2444 1-2%
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